Angle-resolved photoelectron spectra of argon atoms by XUV attosecond pulses in the presence of a circularly polarized laser field are calculated to examine their dependence on the duration and the chirp of the attosecond pulses. From the calculated electron spectra, we show how to retrieve the duration and the chirp of the attosecond pulse using genetic algorithm. The method is expected to be used for characterizing the attosecond pulses which are produced by polarization gating of few-cycle left-and right-circularly polarized infrared laser pulses. Richman, "Measuring ultrashort laser pulses in the time-frequency domain using frequency-resolved optical gating," Rev. Sci. Instrum. 68, 3277-3295 (1997).
Introduction
Single attosecond extreme ultraviolet (XUV) or soft x-ray pulses can be generated by highorder harmonic generation with few-cycle femtosecond infrared (IR) laser pulses [1] . Due to their short wavelength and weak intensity, conventional autocorrelation method cannot be used to determine their pulse durations directly. So far it has relied on the method of laser-assisted photoionization where photoelectron spectra by XUV pulses are measured in the field of the IR lasers. By varying the time delay between the laser and the XUV pulse, their cross-correlation is built either by laser-induced energy shift [2] or by laser-broadened spectral width [3] . Based on the quantum mechanical formulation of laser-dressed photoionization [4, 5] , experimental measurements of photoelectron spectra have been performed and pulse duration of a few hundreds of attoseconds [2] has been determined. Most recently, such technique has also been used to characterize the electric field of a few-cycle laser pulse directly [6] . In the generation and characterization of XUV pulses from these time-resolved measurements, so far only linearly polarized lasers have been used.
An alternative approach to make single attosecond pulses is through the high harmonic generation by the polarization gating method [7, 8, 9, 10, 11, 12] . Using a laser composed of two opposite circular polarizations, it has been demonstrated recently that a supercontinuum covering the plateau and the cutoff region of the harmonic spectrum was generated [13] . How this method works is illustrated in Fig. 1 . By superimposing a left-circularly polarized pulse of about 5 fs with a delayed (by about 5 fs) right-circularly polarized pulse, the ellipticity of the combined pulse is shown to reach almost zero over a short time interval near t=0 [12] . From Fig.  1 , it can be seen that within this interval, for duration of less than an optical cycle, the electric field of one of the two orthogonal components vanishes and the electric field is almost linearly polarized. The radiation generated from such a pulse can be calculated and a supercontinuum spectrum is generated. This supercontinuum is expected to correspond to XUV pulses as short as 200 as. However, this duration has not been determined experimentally as yet. In this paper, we discuss a technique that can be used for measuring the time-dependent electric field of the attosecond pulses. The method employs the cross correlation between the attosecond pulses with the circularly polarized lasers that were used to generate the attosecond pulse.
In such measurements, the attosecond pulse will be delayed by about 5 fs such that the generated photoelectrons only interact with the portion (t>5 fs) of the laser pulse that is almost circularly polarized. To simplify the analysis, we use an ideal circularly polarized field to represent the laser. By refocusing the XUV pulse and the fundamental circularly polarized laser into the argon gas, the XUV pulse characterization will be determined from the measured angleresolved photoelectron spectra. Such a setup involves XUV photoionization assisted by a short circularly polarized laser. The basic theory for such cross correlation measurement has been The time-dependence of the ellipticity and the two perpendicular electric field components of a laser pulse resulting from combining a left-hand circularly polarized pulse and a right-hand circularly polarized pulse. The pulse duration for both circular pulses is 5 fs and the delay between them is 5 fs. The solid and dotted lines represent the two orthogonal field components and the dashed line shows the ellipticity. Note that the small window of vanishing ellipticity or polarization gating where the combined field is nearly linearly polarized.
addressed by Itatani et al. [5] . In this paper we examine in detail the laser streaked photoelectron spectra by taking the angle-dependent photoionization cross section into account. We first studied theoretically the angle-resolved photoelectron spectra for such experiments by changing the attosecond pulse parameters, in particular, the pulse duration and the chirp. We illustrate how the electron spectra change with these parameters. From the calculated electron spectra we then showed how to retrieve the attosecond XUV pulse parameters. This technique is expected to be used to determine the attosecond pulses in the time domain when electron spectra from such cross correlation experiments become available. In Section 2, we address the photoionization of Ar atoms by monochromatic light. The atomic structure parameters from these calculations will be used in Section 3 to generate "theoretical" photoionization electron spectra by attosecond pulses in the presence of circularly polarized lasers. We first explore how the electron spectra change with the pulse duration, and then how they change with the chirp. In Section 4 we discuss how to retrieve the attosecond XUV pulse parameters from the given angle-resolved electron spectra. The last Section gives a short conclusion. Atomic units will be used throughout in this paper unless otherwise indicated.
Cross sections and asymmetry parameters for photoionization of Ar
For simplicity we first consider single ionization of Ar atoms by a monochromatic XUV light. We used the single active electron model [14] where the argon atom is described by a model 
Starting from the occupied 3p orbital, the electron is released to s-wave or d-wave continuum through one-photon photoabsorption. The radial dipole matrix elements to εs (R − ) and εd (R + ) continuum states are given by
where the P's are the r-weighted radial wavefunctions. Since there are six 3p valence electrons in the ground state of argon, the total cross section σ tot is proportional to
where d is the magnitude of the total transition dipole moment. The angular distribution of the photoelectrons by a linearly polarized light is given by
where θ is the angle of the electron's final momentum with respect to the light polarization direction, and β is the asymmetry parameter that can be calculated using the method described in [15] . Knowing the β parameter and the total transition dipole moment, in the same spirit Figure 2 shows the calculated (a) |d| 2 and (b) the β parameter, versus the photon energy of the monochromatic XUV light. The results from this simple calculation show reasonable good agreement with the more elaborate many-electron calculations [16, 17] , including the position of the Cooper minimum. A direct numerical solution of the time-dependent Schrödinger equation for the ionization of argon atom in a short XUV pulse has also been carried out with these pulse parameters: mean photon energy, 35 eV; pulse duration, 100 as; peak intensity, 10 12 W/cm 2 . The photoelectron spectrum from such calculation is presented in Fig. 2(c) . Since the interaction is in the perturbation regime, the spectral intensity distribution of the XUV pulse can be obtained by dividing the electron spectral density by the photoionization cross section, as shown in dashed lines in Fig. 2(c) . Under the assumption that the pulse is transform-limited, the XUV pulse in the time-domain is obtained directly by a simple Fourier transformation. However, such an assumption is not valid in general.
XUV photoionization assisted by a circularly polarized laser
Let us consider the photoionization of Ar atoms by XUV pulses assisted by a circularly polarized laser field. Electrons that are born at different time within the XUV pulse gain additional time-dependent drift velocity from the laser field which is rotating in time. The XUV pulse with duration τ x and photon energy ω x can be generally described by
where σ = 2ln2/τ 2 x , and ξ is a dimensionless chirp parameter. The XUV pulse is linearly polarized along x direction with intensity 10 12 W/cm 2 and mean photon energy 35 eV. A circularly polarized laser field is characterized by an electric field
that has a Gaussian shape with FWHM of 5 fs, intensity of 5×10 13 W/cm 2 . The central wavelength of the laser is taken to be 750 nm.
For electrons born at time t, they gain a drift velocity (proportional to the vector potential of the laser field) given by
For the convenience of analysis, if the envelope is slow varying, the drift velocity can be approximated by
According to the strong-field approximation [18, 19] , the laser-assisted photoelectron spectrum is given by [4, 5] 
where b( v) is the amplitude of finding the continuum electron with momentum v , p(t) = v − v l (t) is the instantaneous momentum of electron at time t and I p is the ionization energy. From the saddle point analysis, most of the contribution to the time integral comes from the time t s satisfying the stationary phase condition
which is just the classical model used in [2, 3] . It represents energy conservation for photoionization without the presence of lasers, i.e., E 0 = ω x − I p . In the calculation, integration over time in Eq. (9) is performed numerically.
Transform-limited XUV pulses
First we consider transform-limited XUV pulses for which the chirp parameter is zero. XUV pulse parameters are chosen as that used in Fig. 2 . Note that the XUV photon energy of 35 eV corresponds to the 21th-order high harmonics from Ti:Sapphire laser field with wavelength 750 nm. Laser intensity was chosen at 5 × 10 13 W/cm 2 such that the ionization probability by the XUV itself (intensity is 10 12 W/cm 2 ) is two orders higher than that by the laser field. The two pulses peak at the same time t = 0. The polarization direction of the XUV pulse is defined as the x-axis (zero angle). The drift velocity at t = 0 is along y direction if the laser phase is zero and -x direction if laser phase is π/2. For XUV photon energy of 35 eV, the asymmetry parameter β is about 1.5, thus the laser-free photoelectrons peak at 0 and 180 degrees as shown in Fig. 3(a) . Due to the stronger signal along the XUV polarization direction (x-axis), smaller detection angle is required when the detector is along the x-axis. When a laser field is present, the spectrum is deformed. Fig. 3(b) and Fig.  3(c) show the laser-assisted photoelectron spectra for laser phase of π/2 and 0, respectively. When the drift velocity is along the −x direction (φ = π/2, Fig. 3(b) ), more electrons are found in the -x direction and the energy distribution is stretched in the same direction which makes the detection more efficient than the case of laser phase of 0 (Fig. 3(c) ). Clearly, phase-stabilized laser of phase φ = π/2 is more desirable. In the following, we will only consider laser phase of φ = π/2 unless mentioned otherwise. Figure 4 shows how the electron spectra change with increasing XUV pulse durations. As XUV duration is increased, the energy width of laser-free photoelectron spectra is decreased. On the other hand, when a circularly polarized laser is present, the distribution of the drift velocity that the electrons gain during the XUV pulse duration becomes broader in the angle, thus the resulting photoelectron spectra show broader angular width. When the XUV pulse duration approaches the laser period (Fig. 4(c) ), rings-like sideband structures appear following the trajectory of laser's vector potential. The rings-like structures were also observed for linearly polarized laser-assisted photoionization by a train of attosecond pulses [20] . In short, if the XUV pulses are transform-limited, we have:
1. The electron energy width for a given angle decreases as the XUV pulse duration increases.
2. The electron angular width for a given energy becomes broader as XUV pulse duration increases.
3. The electron's momentum image extends in all directions and sideband structure begins to emerge as the XUV pulse duration approaches laser's optical period.
Based on the pulse duration dependence of the spectra, the duration of the attosecond pulse might be deduced by mapping the measured electron velocity image in accordance with the principle of frequency resolved optical gating (FROG) [21] . As suggested by Itatani et al. [5] , the pulse duration can be retrieved from the angular distribution of electron momentum at a given energy. We will have further discussion on this later.
Chirp-dependence
In the previous section, we discussed how the electron spectra change with the duration of the XUV pulses when they are transform-limited. However, for transform-limited XUV pulses, the pulse duration can be obtained directly from the bandwidth of the photoelectron energy spectrum at any angles, without applying the laser field, as discussed earlier. In general, the chirp parameter of the XUV pulse has to be determined in order to obtain the pulse duration. For the XUV pulse described in Eq. (5), with nonzero chirp parameter, the frequency bandwidth is given by
We will examine laser-assisted electron spectra with fixed frequency bandwidth by varying the pulse duration and the chirp ξ simultaneously. In Fig. 5 , we present six cases of chirp parameters and pulse durations: (a) ξ =0, τ x =0.1 fs; (b) ξ =3, τ x =0.32 fs; (c) ξ =5, τ x =0.51 fs; (d) ξ =10, τ x =1 fs; (e) ξ =15, τ x =1.51 fs and (d) ξ =20, τ x =2 fs.
Since the XUV pulse frequency bandwidth is fixed, the laser-free photoionization spectra are the same for all the six cases (see Fig. 3(a) ). Thus, the pulse duration can not be resolved by XUV photoionization alone. As the chirp is increased from (b) to (f), the spectral image twists and splashes toward the left (we used left-circularly polarized laser). This behavior can be understood from the modified stationary phase equation (Eq. (10)).
In contrast to the zero-chirp case, the electron is born with a time-dependent instantaneous energy in a chirped pulse. Thus the final electron momentum is not just rotated by the laser field but also stretched in magnitude due to the chirp. In this case, we can not determine the pulse duration from the angular distribution of the electron momentum at a given energy. Instead, at each angle we can define the center of gravity energy E(θ ) (see Fig. 6 ). By focusing on this trace for angles larger than 180 o , we note that E(θ ) increases monotonically with increasing chirp, until for the large chirp parameter of 20 where the duration of the XUV pulse of 2.0 fs is close to the laser period. This trace, combining with the angular width, qualitatively illustrate the chirp and pulse duration dependence of the XUV pulses in the time-domain.
Double XUV pulses
Next we consider a pulse train consisting of double pulses without chirp, separated by T 0 /2 (i.e., one half of the laser period),
Each pulse has a duration of 0.2 fs and corresponding peak intensity 10 12 W/cm 2 . When the polarization gating is not short enough, such a train of two attosecond pulses are generated. For such a pulse train, the laser-free photoelectron energy spectra consist of two rings separated by 2ω l , see Fig. 7(a) . When the laser field is present, the spectra is distorted but are made of two identical pairs. In Fig. 7 , the laser phases are 0, π/4, π/2, respectively, from (b) to (d). In (b) electrons generated by the left pulse experience a +x shift, while electrons generated by the right pulse experience a −x shift. Thus the total electron spectra are stretched along the x-axis. In (c), electrons generated by the two pulses shift about half way toward the 45 degrees (and 225 degrees) line. In (d), the shifting to this diagonal line is complete and the electron spectrum shows a butterfly shape. 
Retrieving the XUV pulse information
The laser-free photoionization spectrum is obtained from this equation
If both the magnitude and phase of the photoelectron spectrum are known, the pulse information can be retrieved directly by inverse Fourier transformation. However, only |b( v)| 2 is available experimentally. In order to obtain the phase information, one has to rely on the additional information supplemented by the laser-assisted photoionization measurement which builds the cross-correlation between the XUV pulse and the laser pulse. Our procedure of retrieving the XUV pulse can be described as follows: 1) using the measured laser-free spectra as input; 2) starting with a simple guess of the phase of b( v) to reconstruct the XUV pulse; 3) use the guessed XUV pulse to calculate laser-assisted photoelectron spectra; 4) compare the calculated spectra with the measured spectra and the discrepancy is recorded as the error function; 5) repeat processes 2) to 4) with another guess until best fitting is found. This fitting process can be improved by using genetic algorithm. To speed up the retrieving process, instead of comparing the 2D momentum image, we compare only the trace E(θ ) de- fined earlier. In the simplest case, if we assume the XUV pulse has a Gaussian profile and is linearly chirped, then only one parameter needs to be fitted based on Eq. (11). For the general pulse shape and chirp, we can either discretize the phase into N slices and varying them independently to find the best fit, or expand the phase into a polynomial
where ω 0 is the center frequency, and the second order term corresponds to the linear chirp of the pulse. Our simulation shows that the latter method converges faster and is indeed used to retrieve the pulse information in the following example.
To illustrate the retrieving method, we assume that the measured photoelectron spectrum is given as in Fig. 5(b) . We used the procedure described above to retrieve the XUV pulse information. In the simulation, we chose N=5. The retrieved pulse is compared to the original pulse in Fig. 8 . Good agreement can be seen in both the magnitude and the phase of the retrieved electric field. The agreement in the intensity profile is also quite good as seen in the inset. As a further check on how well the retrieved pulse agrees with the original one, we also simulate the electron spectrum at time delay of -0.2 fs using both the original and the retrieved pulses where the first spectrum was supposedly determined experimentally. As shown in Fig. 9 , the two spectra are in reasonable good agreement with each other. 
Summary and conclusion
In summary, we have performed calculations of angle-resolved photoelectron spectra of Ar atoms in the combined field of an attosecond XUV pulse and a circularly polarized laser pulse. We examined first theoretically how the electron spectra, including the angular distributions, depend on the pulse duration and the chirp parameter of the XUV light pulse. We also showed how to retrieve or measure the pulse duration and the chirp parameter of such an attosecond XUV pulse if the angle-resolved electron spectra are available from experiments. The method requires that the few-cycle lasers be well characterized already, including its carrier envelope phase. By focusing on the main features of the laser-assisted photoelectron spectra such as the mean kinetic energy of the photoelectron at a given angle, we showed that it is possible to retrieve the pulse duration and the chirp parameter from the measured electron energy and angular distributions at a given time delay. Systematic check can be further made through multiple measurements by varying the time delay between the XUV and IR pulses. For attosecond XUV pulses generated by the polarization gating method, the procedure presented in this paper is expected to be used to characterize the pulse when photoelectron spectra from such crosscorrelation measurements become available.
